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1. Introduction

1
3272

f term in QCD i0 P E L (2) Fop(x) = i0q(x) CP odd

\ 4

Neutron Electric Dipole Moment(NEDM)

Experimental bound

dy| < 6.3 x107%%¢ - em # 0 = 0qcp + Opw < O(107°)
Model estimate

S Strong CP problem |
d,|/0 ~1071° ~ 107 7e - cm

One possible “solution” m, = 0 massless up quark

(Lattice QCD already ruled out this ?)
chiral rotation

u — 6@@75 ZQ"75

u, U -—uc ) if m,, = 0, we can make
My, TU — My, Ue2Y5 1 0 =0

0 — 0 =0+ 2aN ¢  chiral anomaly by a = 21%]“




Mike Creutz, “Quark masses, the Dashen phase, and gauge field topology”
arXiv:1306.1245[hep-lat]

| Mike’s Oracles |

myg > 0 fixed, then

1. Nothing special happens at m, = 0.

2. Massless neutral pion: m. o =0 at m, =2 m. < 0 .

critical quark mass

3. Pion condensation (Dashen phase): (7Y) # 0 at m, < m. < 0.

4. x = oo at m, = me. 1

Y = V<Q2> topological susceptibility

5. x =0at m, =0. ?

In this talk, | show the above properties by ChPT including the anomaly effect.
In addition, we discuss an interesting prediction related to these in 2-flavor QCD.



ChPT with "anomaly”

2
L = f?tr (8,U0"UT) — %tr (MU +UTM) — % (det U + det UT)

effect of anomaly

Note: large N argument by Witten (fundamental rep. for quarks)

A

= f ¢ 2
5 (detU +detU") * (logdet U)
N=3 quark *

fundamental ?

In the large N Iimit

Z2-index anti-symmetric ?

. . A _ c
For simplicity, we use g(det U+detU")  but check results with N(log det U)?



[Warm-up: Ny=1 casej

. 9 QB 2 “o__" "
naive guess Mpg = F‘m()' + om No massless “pion”(eta)

2
Mpg

om




correct behavior U = Uy = e'Y° vacuum ansatz m = 2Bmy

_ 0 +A >0
V(po) = —(m+A)cospo # Yy = { - Z+A<O
potential .
minimum
1
U(z) = Uye'™®)/ 1 I L = 5 Lm(z)0Hm(x) — (m+ A)Ugcos (m(z)/ f)
PS meson field = % [(8,m(:z;))2 + ‘m;A‘w(xf] + O(r*)

2 _ im + A
# mPS o f2

m = 0 i1s note special

non-symmetric under m — —m

massless PS meson at m = —A

m = 2Bmg




2. Phase structure and pion masses at N_f=2

m, O Moy, O _ __ ,lpo e'¥? O
o= (e 0 Ym0 ) 0= v=en (7 )
mass term vacuum
() = %tr (Up + UJ) = 2 cos(p) cos(ps), (Pivsh) = Q%tr (Uo — UY) = 2sin(¢py) cos(i3),
VEY (W) = %tr 73Uy + Ul) = —2sin(ipo) sin(gs), (ivsTy) = Q%,tr 7 (Uo — UJ) = 2cos(po) sin(p3).
potential V(eo,p3) = —mycos(po+ p3) —mgcos(po — ¢3) — Acos(2¢p).
4 . . .
6—% — My Sln(SOO + 903) + My SID(QO() — 903) —+ 2 SlIl(QgO()) =0
l oV , .
9on My, Sin(po + @3) — mgsin(pg — ¢3) = 0.
Y3

gap equations
sin g = sin 3 = 0 is a trivial solution



Non-trivial Solutions

Sin2(§03) — (md o mu)2{(mu + m?fl)2A2 B mimz mg < Moy, < mj_
4m3 my
in?(py) = (Mt ma)] AR —mymy Dashen phase
70 4mumdA2 ’
A < my
n?(py) = (MmO ATy —me < my < mf
4m3my
2A2 _ 2,2
sin2(py) = \Mutma) AT —mumg Dashen phase
4mumdA2
10 » » ' _
Uy = =+ 0o 1 ) ( sin“(p3) =sin“(pg) =1 ) My, < —M,
mdA
mE = < 0,

_Aimd



(m°) # 0

Dashen phase

could be an artifact of

A
Up =1

Dashen phase |
<7TO> ?é O] — |

det U term



PS meson masses

n(z) — mo(x)
7T_|_(.73) \/§
2 1 om
L = amx))? + (@un(2))* + 20um ()07 (2)} + G (@)
m—(p)
+ 4f2 {77 ) + w5 (z) + 2my (z)m_ () } — 2f2 n(z)mo(x),(26)
' o — 1) MIXING
m2, = m;;f) charged pion _
# mx Ty
2 1 - : :
mz == 57 imy (F) +0m — X]| neutral pion
1 S
m; = 272 Im4 (@) +dm + X] eta meson X = /m_(@)2 + om?,
m+ (@) = mgcos(pg — p3) £ my cos(wo + ©3)
= m4 cos(po) cos(ps) + me sin(po) sin(gs).
om = 2Acos(2pg). Mma = mg & My,



4+ 4A2

Mg — My 20
2f27 _ 2 . -
—F s 22~ 2f2
i 1 ] \/ :
m_ — 2N , 1 A 2
F mﬁ.o 2f2 m-|_ —I_
1 - 2
m2 — |my +2A + 4/ m~
L 272 | 1
1
T _o —
9 T my My, + My
mﬂ':l: = _ﬁ_ 2f2 9 -
1 [ — .
0 m?ro = 2f2 —m+—|—2A—\/m_—|—4A_
2 ! _—m +2A—}—\/m2—|—4A2
T e
-1k
2L

4+ 4A2
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3. Topological susceptibility and massless up quark

(anomalous) WT identities

([0 Af () + () {M, T }ys () — 2N;6%(2)] Oy)) = 6 (x —y)(5°O(y))

2
1§7T2 et PG, (2)Gas(x), topological charge density

q(z) =

_ 2my,

X =i g@aw) = [ d's @)

O(y) = q(y) with a = 0,3

Integrating over x.

Y = o0 at mo =0 and m, # 0

x=0at mo#0and m, =0



Anomalous WT identities iIn N =2 ChPT

WT identities (6:50(y)) = 6D (z—y)(80(y))

0,5 = i0(z) |0"A,(z) + tr (MU (z) = MTU(2)} — A{det U(z) — det UT(x)}} ,

2N¢q(x): topological charge density

Au(z) = fr{U'(2)0,U(z) — U3 U (z)}
AQ
2Npx = o Yz {({detU(x) —detUT(z)} {det U(y) — det U'(y)})
A 2
+ §<detU(y)+detUT(y)>, 2?2 / d*z (n(z)n(y))

effect of contact term — A

4A%m (P)
2Ny = -— — — — + A.
= d m? (@) — m% (@) + 2m.y (F)om




My, = 0 # my(F) = m_(g) = mg and dm = 2A

-5 .

AA?*m
Npx = = 4mdAd +A=0

1 X_ X
4 _ +

71'0_() » /d B 2X<m% +m%> r OO
o n

a4 )

# 2N¢x — —o00, mz, — 0




4. An Interesting application

My = —Mg = —M My = Mg =M
=0 0=m
chiral rotations
—171 O i -3
MZ( 0 m Vi = T = Vi M’:ngsz(

ChPT analysis

(90:(93:7'('/4,




() + (iys)? = 4

(0, m? > 4A?
Rt S 1{ (irysth) = 2sin g cos @3 5
1, 2A=m i2\/1—%, m? < 4A2
cosy =« 2%, —2A <m < 2A # (2, 2A < m
| -1, m<—2A (1)) = 2 cos pg cos 3 %, —2A <m <2A
T\ -2, m<—2A
- ()
V P (Wivs)
4
q
.
.
.
4
4
.
' 4
',' _QA QA
'l
' 4
> This phase disappears in
/ _.- Witten's "anomaly” |term.
k“‘ | - =
- 30 | Spontaneous CP violation !

(eta condensation)



massless

.

PS meson masses

1
—Q‘m‘v

22

1
m? > 4A? [ 2|m| — 4A],
212
m727 B < AZ 2
1 4A% —m
2 2
< 4A
i \ 2f2 A ’
m >~ 0
2
F
massless

—2A

m? > 4A%

m? < 4A?

T0 7 T+

IS N

A '

“NG bosons ,*  2A
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1 m? . . L
m2 = How can we get this from WT-identities 7

T 2f2 A

({0" A7, + murr* (U = U)}(2)O(y)) = (6"O(y))

taking O = tr 73(U" — U) and integrating over x

m/d4:p tr3(UT = U)(z) tr 2 (UT — U)(y)) = =2(tr(U + U")(y))

2¢/2 = 4 cos g
= —i—— c0s (o Ty ()
f
cos? g
# m f2 /d4aj<7ro( ) — COS # m — f2 COS Vg

1 _
m?2 2A

r N o

>  mm
» My = £2 2N one m form WTI, the other m from VEV.
. J




5. Conclusions

Using ChPT with anomaly effect, we show

1. m, = 0 is nothing special if mq # 0. (no symmetry)

_ 1 — _
2. At my =mz,—m_ #0, m o = 0.
rooted Staggered quark

0 (o +
3. (M) £ 0at m_ (—m_ ) < my, <m]. Dashen phase " reproduce this.

4. x = 00 at m, = me.

5. x =0 at m, = 0. # a solution to strong CP problem

‘ Mike’s Oracles are confirmed by ChPT. ‘

New predictions for 2-flavor QCD with m, = mg and 6 =«

1. Spontaneous CP violation : (n) # 0

2. Non-standard PCAC relation: m? mg



